Background
==========

Obesity has now become a global epidemic with a rising incidence over the past decades. The proportion of overweight and obese adults (BMI ≥25 kg/m^2^) worldwide has increased from 28.8% to 36.9% in men, and from 29.8% to 38.0% in women between 1978 and 2013 \[[@b1-medscimonit-25-1582]\]. This epidemic has led to a higher prevalence of metabolic syndrome, which is characterized by insulin resistance, chronic inflammation, oxidative stress, and injury to different organs \[[@b2-medscimonit-25-1582]\]. For example, obesity-related glomerulopathy (ORG) is now becoming an important clinical problem leading to significant morbidity and mortality \[[@b3-medscimonit-25-1582]\]. Obesity-related glomerulopathy is morphologically defined as glomerulomegaly and focal segmental glomerulosclerosis (FSGS), clinically featuring proteinuria and renal disfunction.

Peroxisome proliferator-activated receptor-γ (PPARγ) is a ligand-activated transcription factor regarded as a master regulator of fat deposition. Previous studies have shown that activation or over-expression of PPARγ can stimulate lipogenesis and adipogenesis \[[@b4-medscimonit-25-1582]\]. Therefore, PPARγ is considered as a therapeutic target for obesity. Thiazolidinediones (TZDs) are PPARγ agonists that act to increase insulin sensitivity. They have been shown to increase gene expression related to fat metabolism and improve pancreatic islet cell function, thereby improving insulin sensitivity and reducing blood glucose and dyslipidemia. Through binding with PPARγ, they also exert anti-oxidant and anti-inflammatory effects.

In the recent years, the potential protective effects of PPARγ agonists on the kidneys have attracted increasing attention. However, whether these agents are effective in treating obesity-related glomerulopathy has not been elucidated. Using an ob/ob mouse model, we explored potential renoprotective effects of pioglitazone and possible involvement of the oxidative stress pathway. It is expected that PPARγ agonists may provide new ideas for the prevention and treatment of clinical obesity-related glomerulopathy.

Material and Methods
====================

Experimental animals
--------------------

This study was approved by the Administration Committee of Laboratory Animals. All experimental procedures for animal use compiled fully with the MOST Guideline on Administration of Laboratory Animals. Eight-week-old male ob/ob mice and homologous C57BL/6 (wild-type) mice were purchased from Beijing HFK Bioscience Co. Ob/ob mice with leptin deficiency are known to suffer from obesity. These mice were kept in single cages in the animal laboratory at the Chinese Academy of Medical Sciences with 12-h light-dark cycles at 22±2°C and 50±5% relative humidity. Free access to food and water was provided.

Experimental design
-------------------

We divided 16 ob/ob mice fed with high-fat diet containing crude fat ≥6% (Beijing HFK Bioscience Co., Ltd.) into 2 groups: the obesity group (ob/ob) and the obesity with pioglitazone group (ob/ob+PGZ). Eight C57BL/6 mice fed with normal diet served as the control group (WT). The mice in the ob/ob+PGZ group were administered 12.5 mg·kg^−1^·d^−1^ PGZ by gavage daily for 12 weeks. The same dosage of distilled water was given to the mice in the WT group and ob/ob group at the same time.

Data collection
---------------

Body mass and blood glucose were measured weekly. Serum adiponectin (ADP) and urine microalbumin (mALB) in all the mice were tested by enzyme-linked immunosorbent assay (ELISA, Abcam Co., Shanghai, China) at week 0 and 12 of the experiment. Blood was obtained from the inner canthus of the mice and 24-h urine was obtained individually.

The mice were sacrificed at week 12. Both kidneys were removed and the mass of the kidney was measured to calculate the kidney index (kidney mass/body mass ratio). Half of the right kidney was placed into formaldehyde and embedded in paraffin for light microscopy. The kidney histomorphometry was examined in the presence of hematoxylin-eosin (HE) staining. A total of 10 glomeruli, including capillary and urine pole, were examined, and their diameters were measured and averaged. The other half of the right kidney was placed into glutaraldehyde and embedded in paraffin for electron microscopy, in which podocytes were observed. The left kidney was placed into liquid nitrogen for protein assay by Western blot.

Immunohistochemistry
--------------------

Wilms tumor 1 (WT1), Zonula occludens-1(ZO-1), AMP-activated protein kinase (AMPK), and NADPH oxidase-4 (NOX-4) were positioned by immunohistochemistry (IHC, Abcam, Shanghai, China). Podocyte number marked by WT1 and ZO-1, AMPK, and NOX-4 expression level were evaluated. WT1, ZO-1, AMPK, and NOX-4 were scored semi-quantitatively by pathology image analysis software in 10 randomly selected glomeruli**\[[@b5-medscimonit-25-1582]\]**. Positive staining was indicated by brown color. Podocyte number marked by WT1 was expressed by percentage of positive cells. ZO-1, AMPK, and NOX-4 were expressed by the product of the positive staining area and intensity. The positive staining area grade was: \<1%=0, 1\~10%=1, 11\~50%=2, 51\~80%=3, and 81\~100%=4. The positive staining intensity grade was: negative=0, weak positive=1, positive=2, and strongly positive=3. The investigators performing these measurements were blinded to grouping.

Western blot
------------

The kidney tissues were lysed in RIPA buffer, lysates were resolved, and we conducted electrophoresis in SDS-polyacrylamide gels. Proteins on SDS-Page were subsequently transferred onto nitrocellulose membranes. Membranes were incubated in blocking buffer at 22°C for 1 h, and with primary antibody (anti-WT1, ZO-1, AMPK, NOX-4, Abcam, Shanghai, China) diluted in blocking buffer at 4°C overnight, followed by another 1-h secondary HRP antibody (anti-rabbit, Abcam, Shanghai, China) incubation at 22°C after washing with TBS-Tween. Enhanced chemiluminescence detection was performed using the ECL Kit (Abcam, Shanghai, China).

Statistical analyses
--------------------

Comparisons between 3 groups were analyzed by single-factor analysis of variance. Data of 2 groups were compared with the independent-samples *t* test. All statistical analyses were performed using SPSS 22. P\<0.05 was considered to indicate statistical significance.

Results
=======

Morphometric and biochemical measurements
-----------------------------------------

Body mass increased from 28.13±1.55 to 50.50±3.21 g between week 0 and 12 in the ob/ob group (P\<0.01), and there was a similar trend in the ob/ob+PGZ group (27.50±1.20 to 47.13±5.67 g; P\<0.01). Pioglitazone had no significant effects on the body mass of ob/ob mice (P\>0.05) ([Figure 1A](#f1-medscimonit-25-1582){ref-type="fig"}). Moreover, there was no significant difference in glucose of the 3 groups at week 0 and 12 (P\>0.05) ([Figure 1B](#f1-medscimonit-25-1582){ref-type="fig"}). Serum ADP did not alter between week 0 and 12 in the control group (57.90±6.88 *vs.* 53.68±9.87 μg/L; P\>0.05), while the ob/ob mice showed a time-dependent decrease from 68.03±19.41 to 39.57±15.11 μg/L (P\<0.05), which was prevented by pioglitazone at week 12 (65.53±4.97 μg/L; P\<0.05) ([Figure 1C](#f1-medscimonit-25-1582){ref-type="fig"}). Urine mALB levels did not significantly differ between week 0 and 12 in the control group (76.27±10.12 *vs.* 85.58±17.16 μg/L; P\>0.05), but was higher in week 0 (127.25±18.04 μg/L; P\<0.05) and week 12 (136.43±17.94; P\<0.05) in the ob/ob group. Pioglitazone treatment prevented the increase of urine mALB at week 12 (105.79±17.43 μg/L; P\<0.01) ([Figure 1D](#f1-medscimonit-25-1582){ref-type="fig"}).

Renal histology
---------------

In light microscopy, histology revealed glomerulomegaly, FSGS and mesangial proliferation in the ob/ob group, which were ameliorated by pioglitazone treatment ([Figure 2A](#f2-medscimonit-25-1582){ref-type="fig"}). In electron microscopy, the foot processes fused in the ob/ob group, while the foot process fusion was improved in the ob/ob+PGZ group ([Figure 2B](#f2-medscimonit-25-1582){ref-type="fig"}). Compared to the control group, ob/ob mice had a higher kidney index and glomerular diameter (both P\<0.01), which were reduced by pioglitazone treatment (P\<0.01) ([Figure 2C, 2D](#f2-medscimonit-25-1582){ref-type="fig"}).

Immunohistochemistry
--------------------

WT1 was expressed in the podocyte nucleus, ZO-1 was expressed in the podocyte cytoplasm, and AMPK and NOX-4 were expressed in the glomerulus, renal tubule, and interstitium. Compared to the control group, lower expression levels of WT1 (P\<0.01), ZO-1 (P\<0.05), and AMPK (P\<0.01) and higher NOX-4 expression level (P\<0.01) were detected in the ob/ob group. These abnormalities were prevented by pioglitazone treatment ([Figure 3A, 3B](#f3-medscimonit-25-1582){ref-type="fig"}).

Western blot
------------

Western blot analysis demonstrated lower expression levels of WT1 (P\<0.05), ZO-1 (P\<0.05), and AMPK (P\<0.01) and higher NOX-4 expression level (P\<0.01) in the ob/ob group compared to the control group. These abnormalities were prevented by pioglitazone treatment ([Figure 4A, 4B](#f4-medscimonit-25-1582){ref-type="fig"}).

Discussion
==========

Mouse models are useful systems for modelling human disease conditions owing to their amenability to both genetic alterations and pharmacological manipulation \[[@b6-medscimonit-25-1582],[@b7-medscimonit-25-1582]\]. For obesity, a commonly used model is ob/ob mice \[[@b8-medscimonit-25-1582]\], which demonstrate at least 20% higher body mass index compared to control mice, thereby satisfying the definition of obesity \[[@b9-medscimonit-25-1582]\]. Our study showed clinical and pathological changes in the kidneys of ob/ob mice, as reflected by increased urine microalbumin levels, higher kidney index, and the presence of glomerulomegaly accompanied by focal segmental glomerulosclerosis.

We found lower expression levels of WT1 and ZO-1 in the kidneys of ob/ob mice. WT1 is widely used as a podocyte marker within the glomerulus \[[@b10-medscimonit-25-1582]\]. Podocyte number is a key factor in the development of obesity-related glomerulopathy, termed podocytic disease. ZO-1, a binding protein related to glomerular filtration membrane, is located in the cytoplasmic side of foot processes, into which the slit diaphragm inserts. ZO-1 can interact with the actin cytoskeleton, anchoring proteins in the slit diaphragm to the cytoskeleton, thereby maintaining the structural integrity of the foot processes \[[@b11-medscimonit-25-1582]\]. In other animal models of obesity-related glomerulopathy, glomerulus and podocyte volume both increased in relation to body weight gain. However, the volume increase rate of podocytes is lower than that of glomerulus, creating a mismatch between them \[[@b12-medscimonit-25-1582]\]. As podocyte hypertrophy is limited, glomerulus volume expands, leading to mechanical strain acting on podocytes. Podocytes fall off, resulting in denudation of the glomerular basement membrane (GBM) and subsequent adhesions to the Bowman capsule and parietal cell coverage, forming a nidus for glomerulosclerosis \[[@b13-medscimonit-25-1582]\]. In obese patients, microscopy can reveal podocyte swelling, increased width of podocytes, and fusion of foot processes \[[@b14-medscimonit-25-1582]\]. Previous studies have also reported associations between body mass index and extent of podocyte hypertrophy, podocyte number, and degree of proteinuria in patients with obesity-related glomerulopathy \[[@b15-medscimonit-25-1582]--[@b17-medscimonit-25-1582]\].

Another important finding in our study was that serum adiponectin levels were lower in ob/ob mice compared to control mice at week 12, in agreement with previous findings \[[@b18-medscimonit-25-1582]\]. Normally, adiponectin maintains the normal function of filtration barrier and may additionally exert anti-oxidant and anti-inflammatory actions. It can also function as an adipokine to regulate kidney cells in response to mechanical stress induced by ultrafiltration, and is involved in cell hypertrophy, extracellular matrix alteration, and fibrosis \[[@b19-medscimonit-25-1582]\]. In a mouse adiponectin-knockout model \[[@b18-medscimonit-25-1582]\], the fusion of foot processes, glomerular basement membrane nudity, decreased ZO-1 expression in podocytes, and albuminuria were observed. These abnormalities were rescued by treatment with recombinant adiponectin. Podocyte lesions in obesity-related glomerulopathy may be associated with decrease of serum adiponectin, and increasing adiponectin can ameliorate podocyte functions and reduce proteinuria.

The results of the present study confirmed that pioglitazone can prevent decreases in adiponectin, improve the expression levels of WT1 and ZO-1 in the kidneys, maintain podocyte number, reverse structural abnormalities of podocytes, and reduce the degree of proteinuria in obesity. We found higher AMPK and lower NOX-4 levels, thereby suggesting a reduction in oxidative stress as a possible mechanism for its renal-protective effects. Thus, previous studies have reported adiponectin levels are regulated by the PPARγ pathway \[[@b20-medscimonit-25-1582]--[@b22-medscimonit-25-1582]\], with higher adiponectin level associated with increased PPARγ co-activator-1α expression \[[@b23-medscimonit-25-1582],[@b24-medscimonit-25-1582]\]. Adiponectin acts through its receptor, AdipoR1, to activate AMPK, which in turn negatively regulates NOX-4, which is responsible for generating much of the reactive oxygen species in the kidneys \[[@b25-medscimonit-25-1582]\]. In our study, pioglitazone exerted protective effects on podocytes through PPARγ activation, leading to restoration of adiponectin, upregulating AMPK, downregulating NOX-4, and inhibiting oxidative stress. The study of Sharma et al. \[[@b18-medscimonit-25-1582]\] found lower AMPK and higher NOX-4 levels in adiponectin-knockout mice, which was prevented by recombinant adiponectin. The addition of adiponectin or AMPK activator in the culture medium of podocytes *in vitro* can increase the AMPK expression or activity and subsequently decrease NOX-4 expression, thereby promoting podocyte repair. Another study showed that PPARγ is expressed in the glomerular podocytes, suggesting that pioglitazone acts directly on podocytes \[[@b26-medscimonit-25-1582]\]. Antioxidants such as heme oxygenase and NOX-4 inhibitors possess similar renal-protective effects in obesity-related glomerulopathy \[[@b27-medscimonit-25-1582]\]. Our conclusion is strengthened by the fact that the mechanism of pioglitazone action is to decrease oxidative stress. These pre-clinical results are in keeping with clinical findings that pioglitazone increased adiponectin levels and decreased proteinuria in patients with diabetic nephropathy \[[@b28-medscimonit-25-1582]\].

Finally, it should be noted that the blood glucose in ob/ob mice was less than 16.7 mmol/L, excluding diabetes. Moreover, we found no significant effects of pioglitazone on blood glucose in ob/ob mice, suggesting that the protective effects on the kidneys were independent of glycemic control. In addition, obesity-related glomerulopathy is known to have an inflammatory component, and PPARγ is also associated with inflammatory pathways. The anti-inflammatory effects of PPARγ agonist in obesity-related glomerulopathy warrants further study. Other interesting research revealed that pioglitazone ameliorates endothelial dysfunction in obese rats with nephropathy \[[@b29-medscimonit-25-1582]\]. These results demonstrate that pioglitazone prevents obesity-related glomerulopathy via multiple targets.

Conclusions
===========

The peroxisome proliferator-activated receptor-γ (PPARγ) agonist, pioglitazone, can prevent obesity-related glomerulopathy (ORG), probably by reducing oxidative stress.
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![Morphometric and biochemical measurements, including body mass (**A**), blood glucose (**B**), serum ADP (**C**), and urine mALB (**D**), in control (WT), ob/ob mice (ob/ob), and ob/ob mice receiving pioglitazone (ob/ob+PGZ). Data are displayed as mean. \* P\<0.05, \*\* P\<0.01 compared to WT group at the same time; ^&^ P\<0.05, ^&&^ P\<0.01 compared to ob/ob group at the same time; ^\#^ P\<0.05, ^\#\#^ P\<0.01 compared to week 0 of the experiment at the same group.](medscimonit-25-1582-g001){#f1-medscimonit-25-1582}

![Renal histology by light microscopy (LM, ×200, **A**) and electron microscopy (EM, ×10 000, **B**). Arrows point to podocyte foot processes. Kidney index (**C**) and glomerular diameter (**D**) in control (WT), ob/ob mice (ob/ob), and ob/ob mice receiving pioglitazone (ob/ob+PGZ). Data are displayed as mean and SD. \*\* P\<0.01.](medscimonit-25-1582-g002){#f2-medscimonit-25-1582}

![Immunohistochemical experiments showing the WT1, ZO-1, AMPK, and NOX-4 expression (IHC, ×200, **A**), with quantification (**B**). Data are displayed as mean and SD. \* P\<0.05; \*\* P\<0.01.](medscimonit-25-1582-g003){#f3-medscimonit-25-1582}

![Western blot experiments showing the WT1, ZO-1, AMPK, and NOX-4 expression (**A**), with quantification (**B**). Data are displayed as mean and SD. \* P\<0.05; \*\* P\<0.01.](medscimonit-25-1582-g004){#f4-medscimonit-25-1582}
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